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Design and Verification of Attitude Control System




Recently, many micro-satellites are developed by Universities, research institutions
and companies all over the world. Micro-satellites are often utilized for new space
technology demonstration and scientific observation thanks to their low cost and quick
development capabilities.
Technical quality and reliability of micro-satellites depends on the development ex-
perience and technical know-how. Although micro-satellites have been launched in
many times, a success rate is not high because newcomer must develop a satellite in a
blind way.
This thesis illustrates the design technique of stable attitude control system for
micro-satellites. This technique is based on the flight data analysis, past performance
and development experience related to micro-satellites, developed and operated by the
Space Robotics Laboratory, Tohoku University.
Our second micro-satellite named ”RISING-2” has been launched by Japanese 24th
H-IIA launch vehicle on May 24th, 2014. RISING-2 is a 50 kg class Earth observa-
tion micro-satellite which is developed by Tohoku University and Hokkaido University.
RISING-2 succeeded the high precision Earth observation using 5 m resolution tele-
scope. Observation results show the top performance all over the world in 50 kg class
micro-satellite. And the world’s first space demonstration of liquid crystal tunable
filter was conducted. RISING-2 is a 3-axis zero-momentum stabilized satellite which
utilizes 3-axis reaction wheels, two star sensors, 3-axis gyro scope, coarse and fine Sun
sensors, a magnetometer, 3-axis magnetorquers, and a GPS.
The sensor calibration was carried out by using adequate methods. For the magne-
tometer calibration, TWOSTEP algorithm and misalignment estimation was utilized.
Sun sensor was calibrated with attitude information obtained by star sensors. Star sen-
sor performance was shown in this thesis. In Umbra, attitude was detected normally by
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adjusting the camera parameter including exposure time and threshold from telemetry
data analysis. On the other hand, in Sunshine area, attitude was not detected because
of the stray light.
The stable attitude control requires the stable attitude information. Extended
Kalman Filter (EKF) is introduced for the acquisition of continuous attitude esti-
mation. The estimated attitude is computed by using magnetometer and coarse Sun
sensor’s measured value. In addition, angular velocity measured by gyro scope is com-
pensated by the estimated rate bias in EKF. The estimated attitude is compared with
the detected attitude by star sensor. From analysis results, it was illustrated that a
smoothing effect of attitude estimation is acquired with EKF. The estimated accuracy
was improved in comparison with the computed value by QUEST method. Against
the real flight data, EKF performed attitude estimation very effectively.
Next, based on RISING-2 flight data analysis, the attitude control system of the
third micro-satellite in Tohoku University, called RISESAT, was reviewed. RISESAT
attitude control system was improved for more accurate pointing control. However,
coarse attitude determination and control system is not improved to compensate the
fine attitude control system including star trackers, fiber optical gyroscope, reaction
wheels. On an orbit, coarse attitude determination capability with only magnetometer
and coarse Sun sensor has a significant importance because coarse attitude acquisition
is carried out in initial attitude determination and safe mode. In this thesis, EKF using
the measurement of magnetometer and coarse sun sensor is introduced for improving
RISESAT attitude control system. This EKF was used for RISING-2 analysis. In
the RISING-2 mission, it was revealed that star sensors can detect satellite attitude
correctly in Umbra, when it is pointed toward right directions. However, due to the
fact that the RISING-2 couldn’t conduct coarse attitude determination in Umbra, star
sensors couldn’t be pointed to deep-space direction most of the time, and therefore
they couldn’t detect correct attitude. From this result, attitude control system should
not depend on star sensors. Before changing to the fine attitude control mode, stable
attitude control should be carried out with some sensors except star sensors. For
establishing a reliable and stable system, RISESAT attitude control system is verified
with numerical model simulation. EKF attitude estimation is executed to evaluate the
performance of coarse attitude determination system.
In addition, attitude control precision is verified when the estimated attitude is
used for pointing control. From the simulation results, coarse attitude estimation and
control based on EKF were accomplished the required stabilization all the time. This
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results indicate that stable attitude control is performed by RISESAT.
Finally, this thesis describes attitude control system based only on magnetic sensors
and actuators to establish the stable attitude control system with minimum configu-
ration. The magnetic-only attitude control system is composed on a three-axis mag-
netometer and magnetorquers. High reliability system is expected by using magnetic
equipments because these components are frequently used for coarse attitude control
for dissipating angular velocity in micro satellites. In this system, nadir pointing con-
trol is accomplished by using PID controller for magnetorquer. Previous research shows
the linear quadratic control for accurate nadir pointing control. However, a complex
attitude control method is not suitable for practical use. Especially, in micro-satellites,
since the processing capacity is limited, simple control method is required. Satellite
attitude and angular velocity are estimated by two estimators based on EKF: one is
magnetometer-only angular velocity estimator, and the other is attitude and angular
velocity bias estimator. Two EKFs are utilized for improving the estimated value be-
cause estimated angular velocity is not accurate in angular velocity estimator. The
performance of this control system is verified by numerical simulation. The goal of
pointing accuracy is to surpass gravity gradient stabilization. The simulation results
indicated that the stable nadir pointing could be carried out with magnetic-only at-
titude control system. This system can also become a backup control system. It is
considered that, reliability and stability of satellite attitude control system are im-
proved if this system is installed.
The processing capability of micro-satellite is not so much high. In fact, program
capability of RISING-2 attitude control unit faced limit by basic attitude control law
and sensor data processing. From flight data analysis, it is confirmed that attitude
estimation using EKF is effective to establish the stable attitude control system. It
is consider that attitude control system should be design to include the processing of
attitude estimator essentially.
To summarize, this thesis indicated the necessity to improve the attitude determina-
tion method and ckarified the design problem of RISING-2 from the flight data analysis.
Thereafter, RISESAT attitude control system introduced EKF attitude estimation was
stable system to compensate for fine attitude control system by mathmatical simula-
tion. Moreover, magnetic-only attitude control system was established to realize the
stable nadir pointing control. it was confirmed that this system was effective for satel-
lites’ long duration and the backup system of fine attitude control system. It is con-
cluded that the stable attitude control system could be established on micro-satellite
- iii -




1.1 ???? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1.1 ???????2の??と???? . . . . . . . . . . . . . . . . 1
1.1.2 ??????の?? . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2 ???? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3 ???? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.4 ???? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.4.1 ??の???? . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.4.2 ??の?????? . . . . . . . . . . . . . . . . . . . . . . . . 8
?2? ???????2の?? 11
2.1 ??2の??ミッションと???? . . . . . . . . . . . . . . . . . . . . 11
2.2 ???の?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.3 ??2の????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3.1 ?????の???? . . . . . . . . . . . . . . . . . . . . . . . 13
2.3.2 センサおよび??ユニット . . . . . . . . . . . . . . . . . . . . 14
2.3.3 アクチュエ?タ . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.3.4 ???の?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.3.5 ??2の????の???? . . . . . . . . . . . . . . . . . . . . 23
2.4 まとめ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
?3? ??2のフライトデ?タ?? 25
3.1 ??2の??と?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2 ??2の?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.3 ???? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.4 アクチュエ?タの???? . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.4.1 リアクションホイ?ルの???? . . . . . . . . . . . . . . . . . 26
3.4.2 ??トルカの???? . . . . . . . . . . . . . . . . . . . . . . . 29
- v -
? ?
3.5 センサデ?タ?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.5.1 スタ?センサ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.5.2 CCDの??および??の?? . . . . . . . . . . . . . . . . . . . 33
3.5.3 ??センサ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.5.4 ???センサ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.5.5 ジャイロセンサ . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.6 ???での???? . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.6.1 ボロメ?タ??のための???? . . . . . . . . . . . . . . . . . 45
3.7 ??カルマンフィルタを?いた???? . . . . . . . . . . . . . . . . . 51
3.7.1 ??および??ベクトルによる???? . . . . . . . . . . . . . 52
3.7.2 ??ベクトルによる???? . . . . . . . . . . . . . . . . . . . 61
3.8 まとめ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
?4? ????????RISESATの??した?????の?? 67
4.1 RISESATの?????の?? . . . . . . . . . . . . . . . . . . . . . . . 68
4.2 ?????の?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.2.1 EKF??の?? . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.2.2 EKFの?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.3 センサ?アクチュエ?タのモデル? . . . . . . . . . . . . . . . . . . . . 74
4.3.1 ??センサモデル . . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.3.2 ???センサモデル . . . . . . . . . . . . . . . . . . . . . . . . 75
4.3.3 ??センサモデル . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.3.4 ジャイロセンサモデル . . . . . . . . . . . . . . . . . . . . . . . 77
4.3.5 リアクションホイ?ルモデル . . . . . . . . . . . . . . . . . . . 78
4.4 ????の?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.4.1 ??センサと???センサによる???? . . . . . . . . . . . . 79
4.4.2 3つのセンサによる???? . . . . . . . . . . . . . . . . . . . . 79
4.4.3 ??センサによる???? . . . . . . . . . . . . . . . . . . . . 79
4.5 ??????の?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.5.1 ?????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.5.2 ????シミュレ?ションの?? . . . . . . . . . . . . . . . . . 83
4.6 まとめ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
?5? ???????の??と?? 89
5.1 ??の??と?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.2 ??センサのみの???? . . . . . . . . . . . . . . . . . . . . . . . . . 90
- vi -
? ?
5.2.1 ??モデル . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.2.2 ????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.2.3 ???? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.3 ??トルカによる?????? . . . . . . . . . . . . . . . . . . . . . . 94
5.3.1 ??トルカ??? . . . . . . . . . . . . . . . . . . . . . . . . . . 94
5.3.2 デタンブリング??? . . . . . . . . . . . . . . . . . . . . . . . 95
5.3.3 ??????? . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
5.4 ???????の??モデル . . . . . . . . . . . . . . . . . . . . . . . 96
5.5 ??シミュレ?ション . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
5.5.1 シミュレ?ション?? . . . . . . . . . . . . . . . . . . . . . . . 96
5.5.2 ??????の?? . . . . . . . . . . . . . . . . . . . . . . . . 98
5.5.3 デタンブリング??の?? . . . . . . . . . . . . . . . . . . . . 99
5.5.4 ??????の?? . . . . . . . . . . . . . . . . . . . . . . . . 100




A.1 ??トルクの?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
A.2 ????トルク . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
A.3 ????トルク . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
A.4 ????トルク . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
??B ????? 109
B.1 q-Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109







2.1 スタ?センサの?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2 ??トルカの???? . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.3 リアクションホイ?ルの???? . . . . . . . . . . . . . . . . . . . . . 22
3.1 ??2の?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2 リアクションホイ?ルの??????? . . . . . . . . . . . . . . . . . 28
3.3 ????で?られたクォ?タニオン?2014?7?2?00:22:04(JST) . . . 30
3.4 ????の?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.5 TWOSTEP?によるバイアス???? . . . . . . . . . . . . . . . . . . 39
3.6 ??センサのノイズレベル(1σ) . . . . . . . . . . . . . . . . . . . . . . 40
3.7 ジャイロセンサノイズの????(1σ) . . . . . . . . . . . . . . . . . . 44
3.8 ?????とEKF???の? . . . . . . . . . . . . . . . . . . . . . . . 61
3.9 ?????とQUEST???の? . . . . . . . . . . . . . . . . . . . . . 61
3.10 ??センサのみの????と?????の? . . . . . . . . . . . . . . 64
4.1 RISESAT??リアクションホイ?ルの??? . . . . . . . . . . . . . . 78
4.2 ??センサと???センサによる????の???? . . . . . . . . . 79
4.3 3つのセンサによる????の???? . . . . . . . . . . . . . . . . . . 80
4.4 ??センサによる????の???? . . . . . . . . . . . . . . . . . . 80
4.5 ??センサと???センサを?った??エラ?の???? . . . . . . . 84
4.6 3つのセンサを?った??エラ?の???? . . . . . . . . . . . . . . . 84
4.7 ??センサのみを?った??エラ?の???? . . . . . . . . . . . . . 84
5.1 シミュレ?ション?の??デ?タ . . . . . . . . . . . . . . . . . . . . . 97
5.2 ?????エラ?の???? . . . . . . . . . . . . . . . . . . . . . . . 98
5.3 ?????エラ?の???? . . . . . . . . . . . . . . . . . . . . . . . 99
5.4 ???エラ?の???? . . . . . . . . . . . . . . . . . . . . . . . . . . 101




1.1 ??2のロケット???の??(C)JAXA . . . . . . . . . . . . . . . . . 1
1.2 ??2の?????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 ??2の???での???? . . . . . . . . . . . . . . . . . . . . . . . . 3
1.4 ボロメ?タによる???? . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.5 ??カメラによる???? . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.6 ??の???? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1 ??2の????(フライトモデル) . . . . . . . . . . . . . . . . . . . . 12
2.2 ??2の?????の?? . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3 ??センサのフライトモデル . . . . . . . . . . . . . . . . . . . . . . . 15
2.4 ???センサのフライトモデル . . . . . . . . . . . . . . . . . . . . . . 16
2.5 ???センサの?り?け?? . . . . . . . . . . . . . . . . . . . . . . . 16
2.6 スタ?センサ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.7 ??へのスタ?センサ???? . . . . . . . . . . . . . . . . . . . . . . 19
2.8 スタ?センサの???? . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.9 ジャイロセンサのフライトモデル . . . . . . . . . . . . . . . . . . . . . 20
2.10 ???センサのフライトモデル . . . . . . . . . . . . . . . . . . . . . . 20
2.11 ??トルカのフライトモデル . . . . . . . . . . . . . . . . . . . . . . . 21
2.12 リアクションホイ?ルのフライトモデル . . . . . . . . . . . . . . . . . 22
2.13 ???の?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.14 ????モ?ドの??? . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.1 リアクションホイ?ルの?????????(X?)(2014?5?27?) . . 26
3.2 リアクションホイ?ルの?????????(Y?)(2014?5?28?) . . 27
3.3 リアクションホイ?ルの?????????(Z?)(2014?5?28?) . . 27
3.4 シミュレ?ションによる??の???? . . . . . . . . . . . . . . . . . 27
3.5 リアクションホイ?ルの?????????(2014?7?12?) . . . . . 28
3.6 リアクションホイ?ルのステップ??(2014?5?28?) . . . . . . . . . 29
- xi -
? ? ?
3.7 ???とスタ?シミュレ?タ????との??） . . . . . . . . . . . . 31
3.8 ??と??の?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.9 HSSでの???????? . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.10 ?い??が??したときの??(2015?1?27?12：22??) . . . . . . 33
3.11 ?????からの??の??の?? . . . . . . . . . . . . . . . . . . . 34
3.12 TWOSTEP?による??センサバイアスの???? . . . . . . . . . . 37
3.13 TWOSTEP?による??センサのスケ?ルファクタの???? . . . . 38
3.14 ??センサのノイズ???? . . . . . . . . . . . . . . . . . . . . . . . 41
3.15 ??センサの????プロット . . . . . . . . . . . . . . . . . . . . . . 41
3.16 ???センサの???と?????の?? . . . . . . . . . . . . . . . . 42
3.17 ???の?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.18 ???センサのノイズ???? . . . . . . . . . . . . . . . . . . . . . . 43
3.19 ???センサの????プロット . . . . . . . . . . . . . . . . . . . . . 43
3.20 ジャイロセンサのノイズ???? . . . . . . . . . . . . . . . . . . . . . 45
3.21 ジャイロセンサのノイズの????プロット . . . . . . . . . . . . . . 45
3.22 ?????のイメ?ジ . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.23 ボロメ?タ?????の??と?????(2014?6?25???) . . . . 48
3.24 ボロメ?タの????(2014?6?25???) . . . . . . . . . . . . . . . 49
3.25 ボロメ?タ????(2014?9?29???) . . . . . . . . . . . . . . . . . 50
3.26 ボロメ?タの????(2014?9?29???) . . . . . . . . . . . . . . . 51
3.27 ????のための???? . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.28 ??????(15?1?28?) . . . . . . . . . . . . . . . . . . . . . . . . 57
3.29 ??????(15?2?2?) . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.30 ??????(15?3?1?) . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.31 ??????(15?11?2?) . . . . . . . . . . . . . . . . . . . . . . . . 60
3.32 ??センサのみの??????(2015?1?28?) . . . . . . . . . . . . . 62
3.33 ??センサのみの??????(2015?2?2?) . . . . . . . . . . . . . 63
3.34 ??センサのみの??????(2015?3?1?) . . . . . . . . . . . . . 63
3.35 ??センサのみの??????(2015?11?2?) . . . . . . . . . . . . . 64
4.1 RISESATの?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.2 RISESATの??センサ . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.3 RISESATのアクチュエ?タ . . . . . . . . . . . . . . . . . . . . . . . . 71
4.4 RISESATの???センサの???? . . . . . . . . . . . . . . . . . . . 71
4.5 RISEASTのスタ?センサの???? . . . . . . . . . . . . . . . . . . . 72
- xii -
? ? ?
4.6 ??センサモデル . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.7 ???センサモデル . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.8 ??センサモデル . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.9 ?????エラ?と?????の?? . . . . . . . . . . . . . . . . . . 81
4.10 リアクションホイ?ルの4スキュ??? . . . . . . . . . . . . . . . . . . 83
4.11 ??センサと???センサを??したときの????の?? . . . . . . 85
4.12 3つのセンサを??したときの????の?? . . . . . . . . . . . . . . 86
4.13 ??センサのみを??したときの????の?? . . . . . . . . . . . . 87
5.1 ??センサのみの????? . . . . . . . . . . . . . . . . . . . . . . . 90
5.2 ???????のシミュレ?ションモデル . . . . . . . . . . . . . . . . 97
5.3 ??????エラ? . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
5.4 ??????エラ? . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
5.5 デタンブリング??の?? . . . . . . . . . . . . . . . . . . . . . . . . . 99
5.6 PD??のシミュレ?ション?? . . . . . . . . . . . . . . . . . . . . . 100
5.7 PID??のシミュレ?ション?? . . . . . . . . . . . . . . . . . . . . . 100

























(a) ??? (b) ボロメ?タ































(a) ??11?の?????(2014?8?9?11:14??) (b) ???の?????(2014?9?29?12:20??)
? 1.4: ボロメ?タによる????






































































































































































































(a) ?????? (b) +X?と+Y?


























































































































































































Ahss1 = Rz(φ1)Ry(θ1) (2.2)
φ1 = −90[deg], θ1 = −160[deg]
Ahss2 = Rz(φ2)Ry(θ2) (2.3)





































































































































































































































































































































































































































































































X? Y?　 Z? ?????
?ち?がり??[s] 14.4 14.8 15.7 14.3
?れ??[s] 8.3 8.7 8.7 7.8
?き?ぎ??[s] 19.0 19.0 22.9 18.3
















































































































































(1− 2q22 − 2q
2
3)



































































































































































































Bk = (I3×3 +D)










































E11 E22 E33 E12 E13 E23
]T
(3.10)
yk = Lkx− ‖b(x)‖

























(yk − Lkx+ ‖b(x)‖
2 − µk)




h(x) = Lkx− ‖b(x)‖
2 (3.14)
と??し?????????を??する???ベクトルの???は?のように??される?
xˆ = x0 +∆x (3.15)
ここで?x0は?????である?∆xは??モデルを?って?のように??される?
∆x = (HTH)−1HT∆y (3.16)
???の??は



























E = USUT (3.21)
Uは??ベクトルを?べた?????Sは????に???が?んだ????である?
スケ?ルファクタの??Dは
D = UWUT (3.22)
ただし?????Wの????は??で?えられる?
wj = −1 +
√
1 + sj, j = 1, 2, 3 (3.23)
sjは??Sのそれぞれの????である?バイアスbは?
































































































































































































































































































































































































































































































































































































































cosα1, i1 > i2− cosα2, i1 < i2 (3.36)
Sy =

cosα3, i3 > i4− cosα4, i3 < i4 (3.37)
Sz =















X? Y? Z?　 ?ち?げ?
14?6?10?11? 0.034 0.038 0.032 0.042
15?10?30?10? 0.033 0.040 0.039 0.044

























































































































































































































































(a) 1??(13:01:40??) (b) 2??(13:02:36??(???))












































































































































0 ωz −ωy ωx
−ωz 0 ωx ωy
ωy −ωx 0 ωz




β˙ = η2 (3.41)













































q = qˆ ⊗ δq (3.50)
δβ = β − βˆ (3.51)
のように??される?これらの??から???エラ?システム???は?xˆまわりでテ
イラ???し?1???することで









































ωˆ = u− βˆ (3.59)
のように??される??に?????????は

























































qˆ(k) = δq(k)⊗ q−(k) (3.70)







p4 p3 −p2 p1
−p3 p4 p1 p2
p2 −p1 p4 p3
























































































Time after 1st attitude detection [h:m]




























Time after 1st attitude detection [h:m]



























Time after 1st attitude detection [h:m]






















Time after 1st attitude detection [h:m]























Time after 1st attitude detection [h:m]






















Time after 1st attitude detection [h:m]





















Time after 1st attitude detection [h:m]





















Time after 1st attitude detection [h:m]































Time after 1st attitude detection [h:m]




























Time after 1st attitude detection [h:m]



























Time after 1st attitude detection [h:m]






















Time after 1st attitude detection [h:m]























Time after 1st attitude detection [h:m]






















Time after 1st attitude detection [h:m]





















Time after 1st attitude detection [h:m]





















Time after 1st attitude detection [h:m]































Time after 1st attitude detection [h:m]




























Time after 1st attitude detection [h:m]



























Time after 1st attitude detection [h:m]






















Time after 1st attitude detection [h:m]























Time after 1st attitude detection [h:m]






















Time after 1st attitude detection [h:m]





















Time after 1st attitude detection [h:m]





















Time after 1st attitude detection [h:m]































Time after 1st attitude detection [h:m]




























Time after 1st attitude detection [h:m]



























Time after 1st attitude detection [h:m]






















Time after 1st attitude detection [h:m]























Time after 1st attitude detection [h:m]






















Time after 1st attitude detection [h:m]





















Time after 1st attitude detection [h:m]





















Time after 1st attitude detection [h:m]









?????? ロ?ル? ピッチ? ヨ?? 3?ノルム
(JST) [deg] [deg] [deg] [deg]
2015?1?28? 12:47:29 -3.438 -0.257 -0.596 3.498
2015?2?2? 12:45:53 -31.834 -1.140 13.558 34.620
2015?3?1? 11:45:12 1.192 1.704 -3.885 4.407
2015?11?2? 11:51:49 3.980 -2.777 -7.155 8.645
? 3.9: ?????とQUEST???の?
??? ?????? ロ?ル? ピッチ? ヨ?? 3?ノルム
(JST) [deg] [deg] [deg] [deg]
2015?1?28? 12:47:29 22.916 12.915 -23.246 35.104
2015?2?2? 12:45:53 -42.653 6.306 18.376 46.869
2015?3?1? 11:45:12 0.764 -2.101 -5.047 5.520






























































Time after 1st attitude detection [h:m]




























Time after 1st attitude detection [h:m]



























Time after 1st attitude detection [h:m]































Time after 1st attitude detection [h:m]




























Time after 1st attitude detection [h:m]



























Time after 1st attitude detection [h:m]





























Time after 1st attitude detection [h:m]




























Time after 1st attitude detection [h:m]



























Time after 1st attitude detection [h:m]































Time after 1st attitude detection [h:m]




























Time after 1st attitude detection [h:m]



























Time after 1st attitude detection [h:m]







?????? ロ?ル? ピッチ? ヨ?? 3?ノルム
(JST) [deg] [deg] [deg] [deg]
2015?1?28? 12:47:29 6.155 2.276 -5.954 8.861
2015?2?2? 12:45:53 0.449 -5.197 0.373 5.230
2015?3?1? 11:45:12 -1.767 6.780 -0.493 7.024































































































































(a) スタ?センサ (b) ジャイロセンサ











































































































































































































a1 = −3.60252× 10
−2
a2 = −3.56198× 10
−2
a3 = 7.76644× 10
−6
a4 = 7.9859× 10
−7
σn = (8.0× 10






Ea = 0.3Eam0(s · r) (4.5)
?に???の??のアルベド???は???の??ベクトルncと????ベクトルのな
す?αeから?のように?すことができる?



















































φ = sin−1 rbz (4.10)
この???と??に??ノイズを?え???センサで?られる???と??を??する?
θ˜ = θ + σes (4.11)





cos φ˜ cos θ˜


































































































































X?　 　Y?　 Z? 3?ノルム
???　[deg] 0.164 0.031 -0.007 0.314















X?　 　Y?　 Z? 3?ノルム
???　[deg] 0.161 0.024 -0.009 0.317












X?　 　Y?　 Z? 3?ノルム
???　[deg] 0.136 0.031 -0.005 0.279


























































































































ωe = ω − ωref (4.18)
qe = qref ⊗ q (4.19)
このとき?????トルクは?のように??される?
T c = G1sat(G2qe) +G3ωe (4.20)
ここで?ゲイン??G1は?のように?される?










G3 = cJSC (4.24)
?のようになる?ここで?ωmaxはマヌ?バ?の?????であり???ゲインk, cはパ
ラメ?タζ, ωnから?のように??される.
c = 2ζωn (4.25)











− cos θskew − cos θskew 0 0
0 0 cos θskew cos θskew






































???エラ?(1σ)　[deg] 0.425 0.103 0.500
???エラ?(1σ)[deg/s] 0.014 0.011 0.013
? 4.6: 3つのセンサを?った??エラ?の????
X?　 　Y?　 Z?
???エラ?(1σ)　[deg] 0.354 0.092 0.473
???エラ?(1σ)[deg/s] 0.012 0.011 0.013
? 4.7: ??センサのみを?った??エラ?の????
X?　 　Y?　 Z?
???エラ?(1σ)　[deg] 0.138 0.080 0.145



































































































































































































































































































































































































































0 ω3 −ω2 ω1
−ω3 0 ω1 ω2
ω2 −ω1 0 ω3














bo Roii ω = −ω0 · o1 (5.5)

























































T (k − 1)(G(k − 1)RGT (k − 1) +R)−1 (5.13)











T (k) +R+ φcω(k)G(k − 1)R (5.16)
ここで?Rは??センサの?????である???????から???????は?の
ようになる?
xˆ−ω (k) = Φa(k)xˆω(k − 1) (5.17)
また??????????は




















xˆω(k) = xˆω(k) +Kω(k)v(k) (5.23)










































ωˆ(k) = ω˜(k)− βˆ(k − 1) (5.29)
そして???????は?のように??される?






































M c(k) =M c(k − 1) +M r(k) (5.33)










Mi = 0, (|Mci| ≤Mmax)
Mi = sgn(Mci)Mmax, (|Mci| > Mmax) (i = x, y, z)
(5.36)
??トルカの??は??(5.37)より???モ?メントの???の??で??される?{
sgn(Mci) = 1, (Mci > 0)






























ωT (M ×B) =
1
2
MT (B × ω) < 0 (5.40)
したがって?この???を?に?たすには?




























T ×B = (M ×B)×B
= (M ·B)B − (B ·B)M (5.43)
となる?MとBが??しているとすると?この2つのベクトルの??は0となるので??
(5.43)は?





































































































































??(1) 4.01 3.50 5.78




































































??(1) 0.008 0.014 0.013






























































































































































































































X? Y? Z? X? Y? Z?
PD?? 2.62 1.51 -3.15 1.11 1.11 1.31
PID?? -0.063 0.65 -1.80 1.15 1.11 1.34
PID??(???) 0.013 0.24 0.25 1.18 1.15 1.28
? 5.5: ???エラ?の????
???[marcsec/s] ????[arcsec/s]
X? Y? Z? X? Y? Z?
PD?? 97.2 34.2 4.37 4.50 5.38 3.40
PID?? 102.8 32.1 52.4 4.88 5.12 3.65













































































































































































































































ai = 1 (B.5)
である?ただし???ベクトルと??ベクトルは????された??ベクトルである?
L(A)を???する?わりに?ゲインファンクション


















4 2(q1q2 + q3q4) 2(q3q1 − q2q4)








4 2(q2q3 + q1q4)



















S − σI3×3 z2
z3










σ = tr(B) =
n∑
i=1











ai(wi × vi) (B.12)
S = B +BT (B.13)
ゲインファンクションを??にする?は?ラグランジュの????λを?ってクォ?タ
ニオンの????
qTq = 1 (B.14)
を?いると?





δg′(A) = 2(δq)T (Kq − λq) (B.16)
が?られ?δqの??を0と?いて???
Kq = λq (B.17)
を?くことで???qが?まる?この?は?4??の??Kに?する?????になって
いる?Kは????であるから????はすべて???さらに?



















X = (αI + βS + S2)z (B.21)
α = λ2 = σ + κ (B.22)
β = λ− σ (B.23)
γ = (λ+ σ)α−∆ (B.24)
κ = tr(adjS) (B.25)




λ4 − (a + b)λ2 − cλ+ (ab+ cσ − d) = 0 (B.27)
ただし?
a = σ2 − κ (B.28)
b = σ2 + zTz (B.29)
c = ∆+ zTSz (B.30)
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